We consider the mechanism of photophoretic transport in protoplanetary disks that are optically thick to radiation. Here, photophoresis is not caused by the central star but by temperature fluctuations that subject suspended solid particles, including chondrules, to non-isotropic thermal radiation within the disk. These short-lived temperature fluctuations can explain time-of-flight size sorting and general number density enhancements. The same mechanism will also lead to velocity fluctuations of dust aggregates beyond 100 m s −1 for mm-sized particles in protoplanetary disks. Applying this in future research will change our understanding of the early phases of collisional dust evolution and aggregate growth as particles cross the bouncing barrier and as mass transfer rates are altered.
INTRODUCTION
Chondrules are mm-size particles that participated in the early phases of planet formation. During their formation period of a few million years they experienced strong heating events. On one hand these events were hot enough to melt the chondrules, reaching temperatures ≥ 1500 K (Scott 2007) . On the other hand these heating events must only have occurred intermittently, and regions of temperature hundreds of degrees cooler had to have been close by (Connolly et al. 2006) . This implies that gas and dust temperatures varied on spatially small scales in the solar nebula. To explain this, local heat sources have to be considered. Heating mechanisms discussed have included shocks (Morris & Desch 2010; Hood & Horanyi 1991; Ciesla & Hood 2002; Hubbard & Ebel 2015; Morris et al. 2012) , jet-flow (Liffman & Brown 1996) , X-wind (Skinner 1990a,b; Shu et al. 1996) , impacts (Krot et al. 2005; Dullemond et al. 2014) , or current sheets in the magnetically active region of a disk (Hubbard et al. 2012; McNally et al. 2013 ). We do not judge the chondrule forming mechanism in this paper, but consider current sheets illustrative. They give a picture of a solar nebula with extremely inhomogenous temperatures (McNally et al. 2014 , see also Fig. 1 ). Per definition all scenarios result in a local region of the disk that is hot enough to melt chondrules but is itself close to a cooler region of the disk to allow cooling.
Such a temperature distribution in a protoplanetary E-mail: christoph.loesche@uni-due.de disk has certain effects. Usually, protoplanetary disks are considered to be optically thick to wavelengths shorter than infrared. This indeed holds for radiation traversing the disk between surface and midplane. Therefore, e.g. stellar radiation cannot reach the midplane. However, optical depths for thermal radiation are much lower for the short pathlengths across the boundaries of small-scale temperature fluctuations. In this case, solids within the disk are subject to anisotropic thermal radiation. Such directed radiation can push particles from the brighter, warm side to the darker, cool side either by radiation pressure or by interaction with the surrounding gas causing photophoretic motion. We estimate below that the resulting motion can dominate local particle transport, so this could have far reaching consequences.
Chondrules It might explain why chondrules only stay in a hot region for a short time, as they are pushed towards cooler regions. Several studies have reported that each meteorite can be characterized by a narrow size distribution (Teitler et al. 2010; Friedrich et al. 2015b,a) . Local transport by photophoresis can sort chondrules according to size. Moving solids through the solar nebula or other protoplanetary disks will additionally increase the solid number density in some parts of the disk, which could serve as a gravitational seed for later planetesimal or asteroidal formation by gravitational instabilities. Other solids Chondrules are only one example of solids of well defined size requiring temperature fluctuations, and the above considerations may also apply to other classes of particles. Chondrule progenitors were likely assemblies of dust of various size. Heating events might not always reach high enough peaks to melt such aggregates. Even so, temperature fluctuations will drive higher particle velocities along the local gradient of thermal radiation. In fact, as estimated below, this velocity component might dominate the motion, with magnitudes reaching 100-200 m s −1 . This will change the behavior of solids near bouncing Kelling et al. 2014) , charging (Konopka et al. 2005; Okuzumi 2009 ), or fragmentation barriers , and could affect the predicted course of planetesimal formation.
The detailed evolution of solids is a subject for future work as particle aggregation is a complex story on its own. In this article we argue that temperature fluctuations are not only a heating mechanism for solid particles but also are of fundamental importance to particle transport, concentration and collisions. Radiation-driven motion of solids can be significant in a disk even if the disk is optically thick on a global scale.
We begin with a description of typical temperature fluctuations, and then use them to estimate the effects of radiation pressure from temperature fluctuations on particles in a toy model, which are already non-negligible. We then quantify photophoretic forces on chondrules and dust aggregates, determine drift velocities, and describe sorting processes.
TEMPERATURE FLUCTUATIONS
In this work we consider a hot spot temperature fluctuation. It is most directly modeled after the effect of a magnetic energy dissipation event (a current sheet, McNally et al. 2014) but is a reasonably general approximation for the effect of any localized heating event in a protoplanetary disk. For simplicity we adopt a model where the gas density is constant across the temperature fluctuation. Our parameter study varies the ratio between optical depth and temperature fluctuation length scale as detailed below. We model only onesided temperature transitions in our one-dimensional models.
Gas and dust (particle) temperatures can differ. Especially in low-pressure regions, coupling between gas and dust might not equilibrate temperatures on suitable timescales. While heating mechanisms such as current sheets act on the gas, it is the solid fraction that efficiently radiates thermally. Therefore, the particle temperature is the important one for our purposes. However, because we assume that the gas is the heated component, we must determine under what conditions the gas efficiently heats the particles.
To answer this question, we estimate the timescale and final temperature of a suspended dust particle compared to the gas temperature. This establishes the thermal radiation field, as the gas itself is optically thin. The radiation fieldas modulated by the gas temperature fluctuations-then is responsible for the actual transport and migration of particles like chondrules by photophoresis and radiation pressure.
For this estimate, we solve a heat transfer problem for a spherical dust particle with radius a and temperature T d (x,t), embedded in a gas of temperature T g , which fluctuates between the initial, cool temperature T c and the final, warm temperature
(1) c p and ρ d are the isobaric heat capacity and the mass density of the dust particle, respectively. For this spherical problem the spatial domain is 0 < |x| ≤ a. The boundary condition at the surface is
where k is the thermal conductivity of the particle, and n is the normal vector at the particle surface where |x| = a. The heat transfer coefficient h is given by (Rohatschek & Zulehner 1985) , where p is the local pressure, and the constant h 0 is 1/2 for monatomic gases (used here), and 3/4 for diatomic gases. The thermal accommodation coefficient α, which is usually of order unity, is assumed to be unity below. v g denotes the mean of the magnitude of the three-dimensional thermal speed of the gas molecules or atoms, given by
We assume a molar mass M g = 2.34 g/mol. R g is the universal gas constant. Employing a separation of variables technique, the solution to the heat transfer problem in Eq. (2) for a particle can be expressed as a series
The time constants τ n for a spherical particle of radius a are given by
The values µ n are the strictly monotonically increasing roots of the implicit transcendental equation
The function g describes the dependence on the spatial coordinates x and will not be considered further. For t > t 0 = 0.2 c p ρ d a 2 /k the n = 1 term of Eq. (5) dominates the heating (Incropera & DeWitt 2001) , so the temperature evolution of the dust particle can be approximated by
In order to compute the time constant τ 1 , we must find the root µ 1 of Eq. (7). To do this, we use a root finder for varying values of p, r, T g , and k within the ranges p = 10 −4 -10 2 Pa, r = 10 −3 -1 mm, T g = 50-2000 K and k = 10 −3 -7.5 W m −1 K −1 . The value τ 1 can be approximated to within a factor of two for 240,000 combinations of parameters with the empirical equation
Eq. (9) allows us to establish whether τ 1 is short. For radii of 10 µm and 1 mm at 1 Pa pressure (c p = 500 J kg (9) yields τ 1 = 4 s and τ 1 = 400 s, respectively. Therefore, for sub-mm-sized particles, gas and particles are thermally well coupled on short timescales. As the particles heat up, the background radiation field temperature rises. For simplicity we assume the whole ensemble heats at the same rate. Extreme cases of large particles at very low-pressure (equivalent to large vertical height) are unlikely due to sedimentation. In any case, even if we consider only millimeter-sized objects at moderate pressures, the solids heat up on timescales of a minute. We therefore consider the temperature fluctuation in the gas to be a temperature fluctuation in the solids as well. Hence, our proposed drift mechanism driven by temperature fluctuations still works if the gas is heated as the gas quickly transfers this heat to the solids.
RADIATION PRESSURE AND PHOTOPHORESIS
As a first toy model to describe a temperature fluctuation that can exert radiation pressure and photophoretic forces, we take two infinite plane-parallel black-bodies with temperatures T c and T w . The radiative flux from each side follows the Stefan-Boltzmann law. The net radiative flux density (hereafter simply referred to as flux) on a particle located in between the layers is
where σ SB = 5.67 × 10 −8 W m −2 K −4 is the Stefan-Boltzmann constant and ε the emissivity, assumed unity. We note that the following considerations have in mind to approximate the photophoretic force. The literature on photophoresis regularly treats radiation impinging on a particle as being perfectly one directionional and calls it intensity. This might not fully agree to the astrophysical use of the term intensity. From units the important quantity rather corresponds to a flux (W/m 2 ). This is only the first paper to outline the idea. Any full 3d treatment is beyond its scope. Therefore, we intend to give only an effective 1-dimensional directional radiative "flux" to calculate the photophoretic force. To do so, we simplify the treatment in regions of different temperatures in a model as sketched in the following. If we consider a cube particle instead of a sphere, then per definition the side of the cube facing a warm wall (A) (Fig. 2) will receive a flux of I ∝ σ SB T 4 d . We might just place the cube right onto a hot wall (B) to make this clear. The touching side gets exactly that flux. On the other hand, every side of the cube will still get radiation from the wall as a sphere does but due to symmetry every part of the sides gets the same radiation as each area sees a half space of the infinite wall. While this radiation would act as a "flux" onto the cube and not average to zero it would not result in a photophoretic force as the sides are heated equally. This does not contribute to the force pointing away from the wall. Only the area in contact with the wall is important for photophoresis. Radiation onto the sides increases the average temperature but does not produce a photophoretic force by itself. This consideration qualifies approximations for the photophoretic force for directed illumination to be applied in this specific problem. Therefore, we use the term flux in this paper marked as I (F is already taken for force). As the forces from both sides add up the important quantity to calculate photophoretic forces is the difference between the two "fluxes" from two opposing directions as e.g. given above for the case of two optical thick walls of different temperatures.
Particles subject to such non-isotropic radiation experience radiation pressure. Assuming that the particle absorbs all incident radiation I and approximating the radiation to be perpendicular to the planes, the force exerted on the particle by the radiation
where a is the particle radius and c the speed of light. The particle accelerates until the force is balanced by the gas drag at a velocity
where τ v is the gas-grain coupling time and m is the particle mass. In the free molecular flow regime, applicable here, where the mean free path of the gas molecules exceeds the particle size (Blum et al. 1996) ,
where A = πa 2 is the particle cross section, ρ g is the gas density, and v g is the mean gas thermal velocity. This results in a drift velocity due to radiation pressure of
This drift velocity from radiation pressure is independent of the particle size or mass and only depends on properties of the disk. To calculate a typical drift value we assume T w = 1500 K, T c = 500 K, ρ g = 10 −6 kg m −3 , v g = 3 km s −1 (appropriate for an intermediate gas temperature T g = 1000 K), to find v rp = 21 cm s −1 . For lower gas densities, radiation pressure velocities can become large, as gas density enters inversely. While radiation pressure can change the local particle number densities, v rp does not depend on particle size so no size sorting will result. Photophoretic forces also act on differentially irradiated particles in a gas (Loesche & Husmann 2016; Rohatschek 1995; Beresnev et al. 1993) . The photophoretic force for bare and dust-mantled chondrules has been calculated by Loesche & Wurm (2012) , Loesche et al. (2013) and Loesche et al. (2014) with the latter two works focused on chondrule motion, covering the case of the chondrule temperature being different from the gas temperature. Here though, after a short equilibration period, the particles and the gas will have nearly the same temperature (T d T g ). In this case, a good general expression for the photophoretic force on a homogeneous sphere is (Beresnev et al. 1993; )
using the same definitions as in Eq. (2). Eq. (15) is valid in the free molecular flow regime. This is valid for chondrule size particles (a ∼ 1 mm) if not too close to the star.
Substituting this force into Eq. (12), and using Eq. (13) for the gas-grain coupling time, as well as substituting for the area A = π a 2 and using the ideal gas law
we get a photophoretic drift velocity
Using the disk and temperature fluctuation values used in our example for radiation pressure (I given by Eq. (10) On the one hand, in contrast to radiation pressure drift, the photophoretic drift velocity depends on the particle size a. On the other hand, the drift velocity does not depend on the absolute value of the pressure for large Knudsen numbers (if h is small compared to the radiation term), as both photophoretic force and gas drag increase linearly with gas density. Hence, it is of minor importance if constant pressure or constant density is considered. The drift velocity also depends on the details of the thermal conductivity of the particle.
For the regime we consider here, the thermal conductivity term k/a dominates the denominator of Eq. (15) (Wurm & Krauss 2006) . Therefore dust aggregates, with thermal conductivities a factor 10 to 100 lower than for chondrules (Presley & Christensen 1997) , can reach drift velocities of several hundred meters per second. These estimates show that photophoretic forces have a significant influence on the motion of particles in a disk with temperature fluctuations. This can strongly modify the evolution of dust aggregates as bouncing barriers and mass transfer are no longer well defined, due to the large variations induced by photophoretic force.
RADIATION FIELD
Since the simple two-temperature toy model of the previous section clearly shows the potential for large effects on particle motion and planetesimal formation, we go one step further here and study the light fluxes, drift velocities, and spatial particle transport at the edge of a hot spot temperature fluctuation with a linear temperature gradient.
The basic quantity to compute is the (anisotropic) light flux at a given position in the disk. We make the approximation that the radiation field is locally in equilibrium with the dust temperature, so that an appropriate starting point is the frequency-averaged grey opacity given by the Rosseland mean opacity, which includes both absorption and scattering effects (Rybicki & Lightman 1986 ). The Rosseland mean opacity χ of a dust-gas mixture with the canonical interstellar medium dust-gas density ratio ρ d /ρ g = 0.01 in the temperature range where silicate and carbon grains dominate the opacity is on the order of χ = 0.2 m 2 kg −1 (Bell & Lin 1994) . In our disk this translates to an absorption coefficient per unit length χ ρ g , introducing the optical depth τ as
However, as the grain size distribution, composition, and dust enhancement over the canonical interstellar medium ratio can reasonably be expected to vary in protoplanetary disks, we take χ as a parameter in our study in the range of 0.02-0.4 m 2 kg −1 . We keep the gas density constant at ρ g = 10 −6 kg m −3 . At each position we can quantify the light flux incident on a particle. We consider a one-dimensional problem here, which means that the light flux includes four terms. First, we divide the light flux into positive and negative directions (r) along the temperature gradient. We calculate the light flux in each direction by considering absorption of radiation and thermal emission from the dust
The latter requires that the gas temperature is efficiently transferred to the dust particles, as is the case for disk locations that are not too optically thin (see estimates above). Written in terms of the optical depth τ, both light rays obey the following differential equations for the fluxes
with their respective solutions
The total flux reads
The source function S, the radiative flux I, the photophoretic force F ph and the drift speed v ph are linear in the average ε, and for simplicity we assume ε = 1 further on.
HOT SPOT MODEL
We consider a temperature profile that decreases linearly over a spatial distance l from a temperature of T w = 1500 K to a temperature of T c = 500 K (we keep both values fixed in this paper)
We do not consider the time evolution of these fluctuations yet but keep the profile constant. The spatial distance l, the first characteristic scale of this problem, is varied and the results compared to the most extreme case (l = 0, a step function), used in our toy model. As mentioned earlier, for a simplification of the following discussion, we restrict ourselves to spatially constant values ρ g (r) = const and χ(r) = const. Figure 3 shows an example of such a temperature profile and the resulting net radiative flux assuming an opacity of χ = 0.02 m 2 kg −1 , graphically represented by the dotted lines of unit optical depth defined through the second characteristic scale ∆, defined by (compare Eq. (18))
As can be seen, the edge of the radiative flux is smoothed, compared to the sharp transition of the temperature fluctuation. Written in terms of optical depth τ instead of r, the temperature (Eq. (23)) has the form T d/g = T d/g (τ, l/∆) (following Eq. (25)). The principal idea is, that obviously different configurations of the two characteristic scales l and ∆ with the same ratio yield the same linear temperature ramp T d/g (τ, l/∆) in τ. In our system the source function S (Eq. (19)) can therefore be written as a function of τ and l/∆, too; as can the flux I (Eq. (22)). Indeed, as we are assuming a spatially constant gas density ρ g , the pressure p (Eq. (16)), the thermal speed v g (Eq. (4)), and hence the heat transfer coefficient h (Eq. (3)) are also only functions of τ and l/∆. It follows that F ph (Eq. (15)) and v ph (Eq. (17)) can be written as functions only of τ and l/∆, and of parameters such as a, α and k. Fig. 4 shows the (spatial) maximum light flux
across the temperature drop over l/∆. The maximum light flux in the case of a temperature step (l = 0) is marked as a dotted line. These flux variations can be translated to photophoretic forces. In the next section, the calculated forces are used to quantify the drift velocities for the case of l > 0.
DRIFT
The photophoretic forces computed in the last section lead to particle motion away from the hot spot with a velocity given by Eq. (17). After some time, particles initially situated along the edge of the fluctuation will be trapped outside the hot spot. In this case, the transition zone will be cleared of particles and the particle concentration will be enhanced outside of the hot spot.
Photophoretic drift is size dependent. Therefore, with time, large particles will move further away from the inner edge of the hot spot than smaller ones. To quantify this effect, we used Eq. (17) to compute the maximum velocities of four combinations of particle parameters here: chondrulelike particles with a radius of 1 mm or of 0.1 mm and thermal conductivity of k = 1 W m −1 K −1 , and dust aggregates of the same radii, but with a thermal conductivity of 0.1 W m −1 K −1 . Their computed (spatial) maximum drift speeds, i.e. are shown in Fig. 5 and Tab. 1 across the temperature drop over l/∆. Large dust aggregates move the fastest. At millimeter size, they can reach velocities exceeding several 100 m s −1 . Small chondrules move the slowest, only reaching 5 m s −1 . As implied by Fig. 3 , significant fractions of these maximum speeds can be reached across the entire transition region. Considering chondrules of 1 mm and 0.1 mm the relative velocity at maximum, close to the warm side of the edge are several tens of meters per second (Tab. 1). Therefore, locally, particles will be separated by size. After only an hour, small and large particles are already separated by 100 km in this simple sketch, which might be enough to place them into different parent bodies or different parts of a parent bodysize sorted -later on. This also implies that recently formed chondrules can escape a region of a few thousand kilome-ters within a day and might cool at a rate characteristic of observed chondrules (Connolly et al. 2006 ).
The estimates of drift velocities for dust aggregates exceeding 100 m s −1 are also intriguing. For collisional evolution, such relative velocities depending on size are important. These velocity magnitudes for millimeter-sized particles will be dominant over other velocities, both absolute and relative. So even for smaller temperature fluctuations, photophoretic drift could have a significant impact, changing the particle sizes at which particles are expected to reach the bouncing and fragmentation barriers.
Obviously, the drift speed v ph for dust is much higher than for chondrules. Hence, in an environment, where dust and chondrules coexist, dust clumps will collide with chondrules much more often than chondrules with each other, which could promote formation of chondrules with extreme dust rims (Metzler et al. 1992 ) and igneous rims that are melted dust layers (Ebel et al. 2008 ).
This could alter the picture of the first phases of collisional evolution quite a bit. Bouncing barriers have been discussed in recent years Zsom et al. 2010; Kelling et al. 2014) . These occur when particles reach a size and collisional velocity regime where growth of aggregates is stalled. This occurs for millimeter-sized silicate particles. At this size, bouncing collisions dominate and inhibit further growth. However, bouncing collisions are mostly restricted to velocities below 1 m s −1 . In a disk with temperature fluctuations, collision velocities can reach much larger values locally and the bouncing barrier can locally be overcome.
Even more, though, the distribution of velocities at different sizes might render the very notion of a bouncing barrier questionable. Drażkowska et al. (2014) and Windmark et al. (2012) show that the bouncing barrier can be overcome if a few larger seeds are embedded. If the collision velocities exceed 1 m s −1 , mass is transferred from small to large particles instead of bouncing. Photophoretic drift at the edge of a temperature fluctuation will locally raise the velocity dispersion sufficiently that mass transfer rather than bouncing becomes dominant, and thus could provide larger seeds for further growth in the quiet disk after a large temperature fluctuation vanished. However, as the peak velocities are rather large, growth is not guaranteed (Meisner et al. 2013) . Therefore, we leave the speculation at this point: although the effects might be paradigm changing, the details can only be elucidated by future modeling and experiment.
CAVEATS
An aspect of concern raised in earlier works on photophoresis is particle rotation. If particles are initially in a random state of rotation this has influence on the photophoretic strength, as rotation impedes the establishment of the strongest possible temperature gradients across the particle. This has been studied in Loesche et al. (2013 Loesche et al. ( , 2014 . However, random rotations damp on timescales of the gas grain friction time, while photophoresis itself only excites rotations around the direction of radiation, which do not exchange the front and back side (van Eymeren & Wurm 2012). Therefore, particle rotation does not impede photophoretic motion.
In this work, we have applied strictly one-dimensional approximations of the radiative transfer problem, and considered the net flux of the radiation field to be the onesided illumination that appears in the description of the photophoretic force on a particle. This approximation neglects the full nonlinearity of the differential illumination of the front and rear of the particle, caused by the rays striking the side and rear of the particle from forward angles, and vice-versa. The effect of our one-dimensional approximation should be uniformly to yield a larger implied temperature contrast between the front and rear of the particle, as compared to a genuinely three-dimensional approach. In turn, this yields a higher photophoretic force in the onedimensional treatment used in this work than a fully threedimensional radiation field. A subsequent work in this series will treat the fully three-dimensional problem in an optically thick medium.
CONCLUSION
Starting with Krauss & Wurm (2005) and Wurm & Krauss (2006) the photophoretic motion of particles in protoplanetary disks has been discussed in a number of papers. While the first works considered the idea in principle, and assumed an overall optically thin disk, this was because the only heating mechanism considered was starlight, which of course can not penetrate optically thick disks. Later work then concentrated on the inner edge or surface of the disk (Wurm & Haack 2009; Wurm et al. 2010; Kelling & Wurm 2013) or transition disks Mousis et al. 2007; Herrmann & Krivov 2007; Cuello et al. 2016) .
However, we show here that an optically thick disk can have photophoretic forces acting within its interior. We have discussed the example of a disk with temperature fluctuations, as suggested by the requirements for chondrule formation. We find that photophoretic motions in this case can be Table 1 . Maximum drift velocities depending on particle properties and temperature fluctuation for fixed T w and T c . very fast, reaching velocities > 100 m s −1 , and dominating the zoo of different drift mechanisms for dust aggregates. If temperature fluctuations lead to chondrule formation, the resulting particles can rapidly be pushed to cooler regions afterward. They can locally be size sorted and concentrated, which might lead to planetesimal formation shortly after their formation, e.g. by gravitational instabilities (Johansen et al. 2007; Cuzzi et al. 2008; Chiang & Youdin 2010; Dittrich et al. 2013) .
In any case the anisotropy of thermal radiation induces a hitherto undiscussed relative velocity component between particles. This might change the early phases of growth of dust aggregates. Evolving dust aggregates can experience large velocity differences that can dominate the collision kernel in growth scenarios. Details are subject to details of photophoresis acting on different particles. A first example study of these details is work by Kuepper et al. (2014) , who recently started to quantify the photophoretic properties of aggregates.
We focused here on the high-temperature case required to explain chondrule formation. However, photophoretic motions remain significant at lower temperatures. In a certain sense this scheme was already applied to more specific cases of systematic temperature differences by Teiser & DodsonRobinson (2013) . They discuss photophoretic particle motion in the context of giant planet formation where a local heat source is present. The application to a fluctuating disk goes far beyond that, however.
To summarize, photophoretic forces might be far more than a subtle detail in specialized situations at the edge of protoplanetary disks. Instead these non-equilibrium effects in low pressure gaseous environments might govern aspects of particle transport and evolution even in the most optically thick parts of protoplanetary disks.
